ABSTRACT Thrips are key pests of mango, Mangifera indica (L.), in Malaysia, including the Northern Peninsular. As Penang has year-round equatorial climate and high of rainfall, the populations of thrips may be subject to variations in composition and size. With a goal of developing an appropriate control strategy, a survey was conducted in Penang to determine species composition and abundance in relation to some environmental factors. Sprayed and unsprayed orchards were sampled on weekly basis through two ßowering seasons of 2009 using CO 2 collection technique. Larval population falling into the ground to pupate and adults emerging from the soil were investigated in both orchards. Thrips hawaiiensis (Morgan) and Scirtothrips dorsalis (Hood) were the most prevalent species in the sprayed and the unsprayed orchards, respectively. The abundance of thrips was high during the ßowering period of the dry season and decreased during the ßowering period of the rainy season. This latter period coincided with decreased temperature and increased relative humidity. Percentage of adult emergence from the soil was lower in the rainy season than recorded in the dry season in both orchards. Taken together, these observations suggest that T. hawaiiensis and S. dorsalis are the main thrips species pests of mango panicles in Penang. Direct control with insecticides focusing on these two species may help to reduce cosmetic injuries and other damages on mango fruits.
Mango, Mangifera indica (L.) cultivation in the world is expanding as a result of the popularity of this fruit and ever increasing demand for fresh and processed mango products. In Malaysia, mango is one of the most consumed fruit that occupies Ϸ4,565 ha agricultural land area (Kwee and Chong 1994) . This popular commodity is being threatened by various thrips species. These insects cause substantial crop losses by feeding on the petals, anthers, pollen, and ßoral nectaries and ovipositing in the panicles, which leads to discoloration and reduced vigor of the panicles (Higgins 1992 , Pena et al. 2002 . They also feed and oviposit on the pericarp of the fruits, which causes bronzing of the fruit surface, and severe infestations often result in the cracking of the fruit skin. These cosmetic injuries reduce the economic value of mango fruits and their marketability (Grove et al. 2000 , Nault et al. 2003 .
Thrips lay their eggs in soft tissue of green fruits, panicles, and tender leaves. When the last instar (larva II) completes its development, it seeks protected places to develop into the prepupal and pupal stage, which do not feed and remain immobile (Lewis 1973) . Many species of the subclass Terebrantia undergo pupation in the soil beneath the trees because soil offers better conditions and more protection Navas 1962, Grove et al. 2000) . However, thrips adults also emerge from various places such as bark, ßowers, leaves, and plant cavities (Pearsall and Myers 2000) , which are safe from unfavorable conditions and insect predators.
Efforts to prevent thrips-caused damage rely heavily on insecticides. However, control operations based on the increased use of insecticides have met with only limited success. One of the reasons for inefÞcacy of this strategy includes the emergence of insecticide resistance (Allen et al. 2005, Nauen and Denholm 2005) ; hence, there is a growing emphasis on reducing the use of insecticides. Accurate information regarding the identity of the main thrips pests, the peak of abundance of any thrips target, their spatial distributions, and seasonal population variations has the potential to reduce the amount of product sprayed onto the crops. Surprisingly, the population dynamics of thrips fauna on mango production is poorly understood in Malaysia. In this study, we examined the species composition and seasonal variations of thrips in northern Peninsular Malaysia using the CO 2 collection technique. SpeciÞcally, we sought to: 1) determine the seasonal ßuctuation in population density, taking into account the within-plant distribution of developmental stages of various thrips species, and 2) obtain information on generation patterns and adult emergence of various thrips species from the soil in the mango orchards.
Materials and Methods
Description of Study Areas. This study was conducted in Penang, Malaysia, within a sprayed mango orchard of Kampung Perlis and an unsprayed orchard of Kampung Sungai Burung. These areas are located 5.417Њ N 100.233Њ E. The region has an equatorial climate. The mean annual precipitation is Ϸ2,600 mm. The daily values of relative humidity vary from 60 to 96%, and those of temperature from 23 to 35ЊC (Ahmad et al. 2006) . Two major drought periods occur cyclically in Malaysia: a Þrst from January to March, and a second from June to July. The remaining months represent the rainy period characterized by heavy rainfall (Kwee and Chong 1994) . In this area, mango orchards are supplied in water by irrigation through drip tubes spread over orchards, where the predominant variety of mango grown is MA224.
The mango trees are pruned regularly after fruit harvest in these orchards to stimulate new growth, control size, and ease of the next harvest for growers. The orchards where the study was performed were selected based on the homogeneity in height of mango trees. The height of mango trees present in the survey orchards was between 150 and 180 cm. Trees of approximately similar height were chosen for this study. To combat infesting pests throughout the growing season, pesticides were frequently applied to the sprayed orchard to prevent yield losses. The time of mango ßowering in different regions is mainly determined by the climatic conditions. In Malaysia, mango ßowering is seasonal, normally occurring twice per year from January to March (main season) and August to September (side season).
Estimation of Thrips Density Using CO 2 Collection Technique. The CO 2 collection method is a nondestructive sampling procedure with no damage to ßow-ers and fruits. This method resulted in the highest sampling precision and efÞciency compared with the washing and the shaking methods (Aliakbarpour and Che Salmah 2010) . Thirty-Þve trees were selected based on a random number table at each orchard. The canopy of each tree was stratiÞed into upper (Ͼ100 cm from the ground) and lower (50 Ð100 cm from the ground) sections. One panicle was arbitrarily selected from each canopy section and gently enclosed with a plastic bag. We then immobilized thrips on panicles with CO 2 (CO 2 cylinder, 25 ϫ 55 cm, Malaysian Oxygen Berhad, Petaling Jaya, Selongor, Malaysia), released through a hose into a plastic bag at a ßow rate of 3.45 kPa (50 pounds per square inch) for 30 s. Dates of sampling were marked on the bags according to the canopy section, and sampled insects were taken to the laboratory. Different panicles were sampled each week. Sampling was performed on a weekly basis during two ßowering seasons from December 2008 to March 2009 (dry season) and from August to September 2009 (rainy season). At each sampling occasion, thrips were collected between 1000 and 1300 h. Temperature and relative humidity were monitored by a hand-held thermometer at each sampling event within each orchard.
Identification of Thrips. Species composition of thrips infesting mango orchards was determined during this study. The adults and larvae were mounted on microscopy slides according to the method of Mound (2007) . Specimens were identiÞed using taxonomic key, provided by Moritz et al. (2004) . IdentiÞed species were conÞrmed by Dr. Surakrai Permkam (Department of Pest Management, Faculty of Natural Resources, Prince Songkla University, Hat Yai, Thailand). Thrips specimens were deposited in the Insect Collection Unit, Laboratory of Entomology, Universiti Sains Malaysia (Penang, Malaysia).
Collection of Pupating Larvae Falling Into the Ground. Densities of larval thrips in the orchards falling into the soil to pupate were investigated using the drop trap method, which was modiÞed from the method used by Pearsall and Myers (2000) . The trap consisted of a sticky sheet (20 ϫ 20 cm) Þxed on a plastic plate. One drop trap (sticky sheet on the plastic plate) was set up horizontally under each of 10 randomly chosen trees beneath a hanging panicle. Sticky sheets on the plastic plates were replaced, and positions of these traps under the trees were changed weekly. Sticky sheets were collected in plastic bags and transported to the laboratory. In the laboratory, larvae collected from the sticky sheets were examined under stereomicroscope. Because the act of falling larvae into the ground is a required step toward successful pupation (Grove et al. 2000 , Deligeorgidis and Ipsilandis 2004 , Berndt et al. 2004 ), population size of thrips larvae falling into the drop traps is representative of the subsequent pupal population in the soil.
Collection of Emerging Adults From the Soil. Emerging thrips adults from the soil were sampled using emergence traps. Ten emergence traps (Masui 2007) were set up beneath the same trees targeted for larval collection. Flowerpots were placed upside down on the ground and ßanked with a sticky tape covering its bottom (diameter 20 cm) to trap the thrips ßying toward the light passing through the drainage holes covered by the sticky tape. The side of the pot, which was in contact with the soil, has a diameter of 24 cm and a wall thickness of 7 mm. Thus, both the drop trap and the emergence trap cover almost the same soil surface area. The positions of these traps were changed weekly, and the number of adults captured on the sticky tapes was counted under a stereomicroscope. Taken together, these two types of collections were used to relate the rates of adult emergence to those of larvae falling into the soil.
Statistical Analysis. Paired Student t-tests were used to compare densities of thrips species between two canopy levels. Pearson correlation coefÞcients were used to measure the association between temperature and relative humidity on thrips population (SPSS 2004) .
Results

Species Composition of Thrips in the Sprayed and the Unsprayed Orchards.
A total of 241,734 individuals representing six species was collected, including 64,715 from the sprayed orchard and 177,019 from the unsprayed orchard. Two species, Thrips palmi (Karny) and Haplothrips sp., were only found in the unsprayed orchard. Four other species, Thrips hawaiiensis (Morgan), Scirtothrips dorsalis (Hood), Frankliniella schultzei (Trybom), and Megalurothrips usitatus (Bagnall), encountered in the sprayed orchard were found in the unsprayed orchard, but the two orchards differed in thrips abundance patterns. All thrips species collected are considered as destructive crop pests. A total of 72.4% of the thrips was encountered during the dry season. Of these collections, 70.8% were found in the unsprayed orchard and 29.2% in the sprayed orchard. T. hawaiiensis was the most frequently encountered species, followed by S. dorsalis, F. schultzei, and M. usitatus in the sprayed orchard, whereas S. dorsalis was the prevalent species, followed by T. hawaiiensis, T. palmi, M. usitatus, Haplothrips sp., and F. schultzei found in the unsprayed orchard.
Seasonal Abundance of Thrips Species in the Sprayed Orchard During Two Flowering Seasons of 2009
Dry Season. The mean numbers of total thrips adults and larvae per panicle in this ßowering season were 66.5 Ϯ 4.82 and 38.9 Ϯ 3.81, respectively. This blooming season commenced in late December 2008, and the populations of T. hawaiiensis (47.47% of total thrips adults) and F. schultzei (16.81%) began colonizing in large numbers on 8 January within 2 wk after the onset of ßowering. Populations of S. dorsalis (28.02%) and M. usitaus (7.70%) peaked on 1 January, 1 wk after the start of ßowering (Fig. 1) . Three population peaks were discernible for all four species during this season. Of all thrips species in this season, 63.07% were adults and 36.93% were immature. The period between two population peaks was Ϸ3 wk for all species. The larvae showed several population peaks during the ßowering season. Density of larvae on panicles was lower than that of adults in each season (Fig. 2) .
Rainy Season. This ßowering period was initiated in the Þrst week of August 2009. The mean numbers of total thrips adults and larvae per panicle in this ßow-ering season were 32.3 Ϯ 5.22 and 17.1 Ϯ 3.49, respec- tively. Of all species collected, 65.31% were adults and 34.69% were immature. T. hawaiiensis (41.10%), S. dorsalis (33.09%), and M. usitatus (9.35%) peaked on 20 August, 2 wk after the start of blooming, whereas Þrst peak of F. schultzie (16.46%) was observed on 13 August (Fig. 1 ). Higher proportions of larvae to adults were captured in the dry season compared with proportion recorded in the rainy season.
Seasonal Abundance of Thrips Species in the Unsprayed Orchard During Two Flowering Seasons of 2009
Dry Season. The unsprayed orchard was highly infested with different thrips species. Mean numbers of total thrips adults and larvae per panicle in this season were 182.5 Ϯ 14.52 and 156.8 Ϯ 10.74, respectively. Of all thrips collected, 53.01% were adults and 46.99% were immature. The Þrst peak of T. hawaiienis (21.40%), T. palmi (19.71%), M. usitatus (15.80%), and F. schultzei (7.40%) was recorded on 8 January with densities of 53.6 Ϯ 2.50, 42.2 Ϯ 1.47, 37.6 Ϯ 1.93, and 14.7 Ϯ 0.75, respectively, whereas peak populations of S. dorsalis (24.82%) and Haplothrips sp. (10.87%) were found on 15 January (59.8 Ϯ 2.15 and 34.6 Ϯ 1.80, respectively) (Figs. 1 and 3) . The interval between two peaks for all species was Ϸ3 wk. Most of thrips adults had three peaks of abundance in this season, with peaks of immature occurring 1 wk before peaks in adult abundance (Fig. 2 ). Because it is not possible to identify thrips larvae to the species level, larvae of T. hawaiiensis and T. palmi were combined into a single group for analysis. Because the other species collected belong to a different genus, their larvae were identiÞed to genus level.
First peak populations of T. hawaiiensis and F. schultzei occurred at the same week in the unsprayed and the sprayed orchards, but Þrst peak of S. dorsalis and M. usitatus observed 2 and 1 wk earlier in the sprayed orchard than in the unsprayed orchard, respectively. M. usitatus was more susceptible to insecticide pressure in comparison with other three species as its population was Ϸ5.5-fold higher in the unsprayed orchard than the sprayed orchard. Based on the results, the proportion of larvae to adults was higher in the unsprayed orchard than recorded in the sprayed orchard, indicating larvae are more susceptible to insecticide application compared with adults. Rainy Season. The mean numbers of total thrips adults and larvae per panicle in this ßowering season were 126.7 Ϯ 21.72 and 101.7 Ϯ 15.81, respectively. Of total species collected, 55.48% were adults and 44.52% were larvae. Two peaks were observed for all thrips species with 2-to 3-wk intervals between peaks (Fig. 1) . Temporal pattern of thrips larvae is shown in Fig. 2 .
Within-Plant Distribution of Thrips Species in the Mango Orchards. During the study, the highest density of thrips adults was signiÞcantly captured on the upper canopy of mango trees and higher proportions of larvae concentrated at the lower part of the canopy (all P Ͻ 0.05; Table 1 ). However, the pattern of density was very similar between the two canopy levels. As shown by the table, most thrips species tended to be more common in the upper canopy of the sprayed orchard during the dry season than the rainy season. Similar pattern of seasonal abundance was observed in the unsprayed orchard for most encountered species (Table 2) . Thrips species on the top panicles would be more exposed to frequent insecticide applications than those located in the lower canopy in the sprayed orchard.
Effects of Temperature and Relative Humidity on Thrips Population Within Mango Panicles. The statistical association between temperature and relative humidity and thrips population is listed in Table 3 . Thrips population of all species was positively inßu-enced by temperature, showing that population density of thrips within mango panicles increased with increasing temperature. M. usitatus exhibited the highest correlation to temperature compared with other species in both orchards. Impact of relative humidity was negative and signiÞcant on thrips population, but Haplothrips sp. showed no signiÞcant association with relative humidity (Table 3) . 
Life History of Thrips Inhabiting Within the Mango Orchards
Sprayed Orchard. The emergence traps were placed on 25 December 2008 in both orchards. Large increase in thrips number captured by the emergence traps was assumed as a new adult generation. Peaks of T. hawaiiensis adults occurred on 8 January, 29 January, and 19 February in the sprayed orchard. There appeared to be pronounced peaks in adults of S. dorsalis density on 1 January, 22 January, and 12 February. Peaks of F. schultzei adult emergence were detected on 8 January, 29 January, and 12 February, and peaks of M. usitatus were observed on 1 January, 22 January, and 19 February (Fig. 4) . These peak populations of the emergence traps occurred concurrently with peaks found in the panicles for each species. The interval between the peaks of adult emergence for all species was Ϸ3 wk. In the rainy season, the emergence traps were set up in late July within the orchard before the trees started to bloom. Very low numbers of thrips adults were collected from the emergence traps before mango ßowering development (Fig. 4) . Total thrips species showed two peaks captured by the emergence traps, on 20 August and 3 September.
Unsprayed Orchard. S. dorsalis, T. hawaiiensis, F. schultzei, M. usitatus, and T. palmi indicated three peaks, and Haplothrips sp. had two peaks captured by the emergence traps in the dry season (Fig. 5) . The intervals between two peaks were 2Ð3 wk for all species. Two peaks were observed during the rainy season for all species (Fig. 6) .
Relating the mean number of adults emerged from the soil and the mean number of larvae falling to the soil, adult emergence of different thrips species was indicated in Table 4 . M. usitatus and Haplothrips sp. exhibited the highest adult emergence from the soil in the sprayed and the unsprayed orchards, respectively.
Discussion
The most important observation from our study is that the sprayed mango orchard is less rich in thrips species than the unsprayed mango orchard throughout the study period. Six species, including four found in the sprayed orchard, were encountered in the unsprayed orchard. Species composition of thrips showed a consistent pattern during the two mango ßowering seasons in each orchard. Although these two orchards were relatively close to each other (ϳ2 km apart), the absence of T. palmi and Haplothrips sp. in the sprayed orchard could be explained by the fact that these two species are very susceptible to insecticides.
In all species, larval abundance peaked Ϸ1 wk before adult peak time. Determination of population peak of larvae is critical for pest management programs, as a result of increased susceptibility of larvae to insecticides. Because of the expected intensiÞcation of mango cropping, thrips-related yield losses are expected to increase. Strategies to reduce thrips-caused damage or thrips-vectored diseases with insecticides may focus on direct larval control when this stage of thrips is most abundant. The declining proportion of larvae in the late ßowering season indicated a declining rate of reproduction among adult females. Fecundity of thrips is dependent on the consumption of pollen grains from ßowers, which decrease in numbers in the late season (Pickett et al. 1988) .
Insect population dynamics could be affected by microhabitat inside a plant (Reitz 2002) . Thrips populations indicated signiÞcant differences in the vertical distribution within the plants, with more adults observed in the upper part of the canopy and more larvae occurring in the lower canopy. According to Reitz (2002) , adults immigrate into the panicles rapidly after insecticide applications, but larvae in the upper canopy are more susceptible to frequent insecticide applications than those located lower in the canopy. Activity of thrips mostly occurs within the higher canopy of plants (Broadsgaard 1989, Gillespie and Vernon 1990) . Salguero-Navas et al. (1991) found that adults of Frankliniella occidentalis (Pergande) and Frankliniella tritici (Fitch) (Thysanoptera: Thripidae) were more prevalent in ßowers in the upper canopy of tomato than in lower ßowers in commercial tomato Þelds, and immature more being found in the lower ßowers. Reitz (2002) reported the same result for F. tritici (Fitch) and Frankliniella bispinosa (Morgan). More F. occidentalis adults have been found at lower canopy than at higher canopy within nectarine orchards (Pearsall 2000) , whereas Atakan et al. (1996) found more thrips adults in the middle section of cotton plants. This difference in adults and immature distribution within the plants should be consid- Throughout the survey, we observed a reduced population size of thrips during the rainy season in contrast to that recorded during the Þrst ßowering phase of the dry season. This difference may be related to how rainfall acts upon thrips. These phytophagous insects are usually found on ßowers and leaves, where they feed along the main vein (Heming 1993 , Kirk 1995 , Lewis 1997 . Clearly, during rainfall, the impact of raindrops on the plant surface results in reduction of thrips population. With frequent rains, thrips individuals are exposed to raindrops and, thus, to a high probability of being splashed away from the host (Kirk 1997) . Rain events are also likely to increase the expenditure of energy by thrips as they may attempt to escape drops. There may also be frequent feeding interruptions, and this may reduce feeding rate. Therefore, the frequent rain during the rainy season will lead to decreased population densities of thrips. With reference to these statements, the observed increased thrips populations in the dry season could be partly explained on the basis of a difference in rainfall of the two seasons. In support of this contention, Room and Wardhaugh (1977) speculated that differences in the seasonal abundance of thrips on cotton crops were related to rainfall. Bagle (1993) , Wahla et al. (1996) , and Panicker (2000) reported that relative humidity had a negative correlation with the activity of thrips. In this study, temperature positively affected thrips population of all species. Similarly, thrips was found to be at its highest density during the hottest time of the day, seeking refuge on mango to escape extremes of heat (Aliakbarpour and Che Salmah 2010) .
Mango blooming period in the rainy season was shorter than the ßowering period in the dry season. Rainy weather reduces mango ßower development (Mossler and Nesheim 2002) . More population peaks and higher population levels in the dry season were related to the longer ßowering period and lower humidity and higher temperature in this season. High temperature and low precipitation stimulate thrips reproduction and survival (Capinera 2001) .
According to Berndt et al. (2004) , depending on the host plant species, up to 98% of thrips pupate in the soil. Some thrips species enter the soil beneath their host plant as fully grown stage II larvae searching for suitable sites (Lewis 1973, Deligeorgidis and Ipsilandis 2004) . Percentage of adult emergence from the soil was lower in the rainy season than recorded in the dry season. Mortality rate in soil is a key factor in population dynamics of thrips, and the main causes of mor- tality in soil are water content and the action of rainfall on the surface as thrips drown at high moisture content (Kirk 1997) . Heavy rainfall can kill larvae falling to the soil or adults emerging from the soil by puddling the surface and sealing it (Kirk 1997) . Adult emergence from the ground does not occur until air temperatures reach a daily maximum of 10ЊC; hence, temperature in soil would affect the time to emergence of thrips (Pearsall and Myers 2000) in temperate countries, but less so for orchards in tropical environments because soil temperature does not change much. Insecticide applications could be timed to coincide with emergence of adults. Each peak of the average number of emerging adults from the soil was estimated as one generation. In this study, Ϸ3 wk were observed between adult emergences (generation) in the dry season, and two peaks occurred in the rainy season in both orchards. According to Lewis (1997) , the complete life cycle usually lasts between 10 and 30 d, depending on temperature. Under laboratory conditions, with F. occidentalis at 30ЊC, the developmental period from egg to adult emergence was 15.1 d. All six thrips species have been found to pupate in the soil as they were collected from the emergence traps. Hence, insecticides and biological agent such as entomopathogenic fungi and nematode could be applied as soil treatment to cut off the next generation. Adult emergence will provide estimate of the size of population of the next generation, which implies its severity of infestation. 
